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INTRODUCTION:

The goal of this project is to advance high-altitude medical research by discovering the basic molecular
mechanisms of acclimatization and de-acclimatization that protect soldiers from high-altitude illness.

BODY:

All major milestones have been accomplished. Now we are working on papers integrating the findings from the extensive
physiological studies and the OMICS studies. Since no one has done that work before, we are inventing the methods and
approaches as we go along. A major breakthrough ahs been the application of an advanced clustering algorithm called
WGCNA to our datasets. This will allow us to condense the enormous datasets generated by the gene expression and
epigenetics chip studies into a manageable system that can easily be tested for relationships to physiological tests.

Accomplishments to date:

IRB compliance and continuing review have been completed

Analyses are completed for all subjects at all time points for epigenetics, gene expression, microRNA and
metabolomics.

All cytokine arrays are done, with follow-up and validation ELISAs completed. Writing of those manuscripts
is underway.

Six papers have been accepted for publication, three in Journal of Applied Physiology, one in Experimental
Physiology, one in Acta Scandinavica and the overview paper at PLOS ONE

A seventh paper is under review at NeuroReports.

Nitric oxide analyses are done, adenosine and hydrogen sulfide analyses are done. Work has begun on a
paper on NO and H2S with Drs. Roach, Kevil and Gladwin.

Analysis of ADP, ATP and purigenic receptors is complete, writing that manuscript is underway. Another
paper is in the works as well with Drs. Eltzschig, Blackburn, Xia, and Davis on adenosine in AltitudeOmics.

The Lovering laboratory, home of our collaborators on AltitudeOmics, have two papers in preparation on
AMS and intrapulmonary shunts, and one on gas exchange during AltitudeOmics.

KEY RESEARCH ACCOMPLISHMENTS:

1.

Completed the first ever measurements of acute mountain sickness, cognitive function and exercise capacity after
7 and 21 days of de-acclimatization. The results suggest near complete retention of acclimatization after 7 days
de-acclimatization, and about 70% retention after 21 days. This key finding will be used in the OMICS analyses
to help identify factors that occur with acclimatization, and are still present after de-acclimatization.

Six research papers have been completed and published on the physiology of human acclimatization to high
altitude, and another is under review. Seven additional primary papers will be completed this year. Please see
Appendices section for a table showing the “Status of Research Papers” and for a PDF of the published papers.

REPORTABLE OUTCOMES:

1.
2.

Completed all regulatory steps to gain approval for this multi-site, multi-nation study.

Safely completed data collection on 23 young healthy student volunteers, and safely transported and cared for
them and 40 scientists to/from Bolivia.

We are 100% in analysis and manuscript writing mode regarding all aspects of the study.



CONCLUSION:

Humans retain acclimatization after 7 and 21 days of de-acclimatization. This was a key hypothesis of the study. Yet to be
determined is what are the OMICS responses that can be linked to the process of gaining acclimatization, and its retention
on descent to low altitude?
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Amann M, Goodall S, Twomey R, Subudhi AW, Lovering AT,
Roach RC. AltitudeOmics: on the consequences of high-altitude
acclimatization for the development of fatigue during locomotor
exercise in humans. J Appl Physiol 115: 634—-642, 2013. First pub-
lished June 27, 2013; doi:10.1152/japplphysiol.00606.2013.—The de-
velopment of muscle fatigue is oxygen (O»)-delivery sensitive [arte-
rial O, content (C,05) X limb blood flow (Qy.)]. Locomotor exercise
in acute hypoxia (AH) is, compared with sea level (SL), associated
with reduced C,O- and exaggerated inspiratory muscle work (Winsp),
which impairs Q;, both of which exacerbate fatigue individually by
compromising O» delivery. Since chronic hypoxia (CH) normalizes
C,0- but exacerbates Wi, We investigated the consequences of a
14-day exposure to high altitude on exercise-induced locomotor
muscle fatigue. Eight subjects performed the identical constant-load
cycling exercise (138 = 14 W; 11 = 1 min) at SL (partial pressure of
inspired O», 147.1 = 0.5 Torr), in AH (73.8 £ 0.2 Torr), and in CH
(75.7 = 0.1 Torr). Peripheral fatigue was expressed as pre- to
postexercise percent reduction in electrically evoked potentiated
quadriceps twitch force (AQuw.pot). Central fatigue was expressed as
the exercise-induced percent decrease in voluntary muscle activa-
tion (AVA). Resting C,O, at SL and CH was similar, but C,O> in
AH was lower compared with SL and CH (17.3 = 0.5, 19.3 = 0.7,
20.3 = 1.3 ml Ox/dl, respectively). Wingp, during exercise increased
with acclimatization (SL: 387 = 36, AH: 503 = 53, CH: 608 *+ 67
cmH>0-s 'min~!'; P < 0.01). Exercise at SL did not induce
central or peripheral fatigue. AQw.por Was significant but similar in
AH and CH (21 = 2% and 19 = 3%; P = 0.24). AVA was
significant in both hypoxic conditions but smaller in CH vs. AH
4 *= 1% vs. 8 £ 2%; P < 0.05). In conclusion, acclimatization to
severe altitude does not attenuate the substantial impact of hypoxia
on the development of peripheral fatigue. In contrast, acclimatiza-
tion attenuates, but does not eliminate, the exacerbation of central
fatigue associated with exercise in severe AH.

altitude; respiratory muscle work; arterial O» content; cerebral blood
flow

THE DEVELOPMENT OF LOCOMOTOR muscle fatigue during whole-
body endurance exercise is highly sensitive to the delivery of
oxygen [Oy; arterial O content (C,02) X leg blood flow (Qv)].
Specifically, blunted O, delivery exaggerates, and augmented
O, delivery attenuates the rate of development of locomotor
muscle fatigue during exercise (1).

Address for reprint requests and other correspondence: M. Amann, VA
Medical Center, GRECC 182, 500 Foothill Dr., Salt Lake City, UT 84148
(e-mail: markus.amann@hsc.utah.edu).
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Acute exposure to hypoxia (AH) has a substantial impact on
the two determinants of leg muscle O, delivery during stren-
uous locomotor exercise. First, despite a marked hyperventila-
tory response, arterial partial pressure of O, [PO, (P,O,)] and
arterial hemoglobin saturation (S,0,) fall below sea level (SL)
values and cause a significant reduction in C,0,. In addition,
inspiratory muscle work (Winsp) is increased substantially at
any given workload in hypoxia (2, 58), and these high levels of
Winsp compromise, in a dose-dependent manner, Qp during
exercise (34). Each of these two determinants of leg muscle Oz
delivery, namely C,0, and Qp, accounts for, substantially and
independently, the accelerated development of locomotor mus-
cle fatigue in hypoxia (2).

During prolonged exposure to altitude, a progressive, time-
dependent hyperventilation, which increases alveolar PO,, oc-
curs over the initial hours and days and advances more grad-
ually over the ensuing 1-2 wk of acclimatization (56). This
ventilatory acclimatization adds to an accompanying reduction
in the alveolar-arterial O, gradient, which combined, substan-
tially improves arterial oxygenation during exercise by increas-
ing P,O, and S,0 (9, 13). Furthermore, chronic exposure to
hypoxia (CH) is accompanied by erythropoiesis, and the com-
bination of an increased hemoglobin concentration ([Hb]) plus
improved oxygenation may serve to restore resting SL C,0 (8,
13). In contrast to this beneficial effect on O, delivery, O,
during intense leg exercise at a given submaximal absolute
workload, has been suggested to decline from SL to CH (8, 49,
64). The net effect of these acclimatization-induced, opposing
consequences on leg O, delivery depends on the degree to
which the increase in C,0, can counterbalance potential re-
ductions in Qy. It has been documented previously that at a
given absolute workload, locomotor muscle O, delivery is
reduced from SL to AH with no further changes following
acclimatization (Pikes Peak, 4,300 m) (8, 64). Therefore, given
the critical role of muscle O, delivery in the development of
fatigue, it could be argued that peripheral fatigue during
constant-load endurance exercise is exacerbated in AH (vs. SL)
and does not improve further during prolonged acclimatization.
On the other hand, studies conducted at the same location as
the present experiments [Mt. Chacaltaya (Bolivia), 5,260 m]
document a reduction in locomotor muscle O, delivery from
SL to AH and a full recovery following prolonged exposure,
with the net effect of similar values in SL and CH (13).
Based on these findings, it could be argued that the development
of peripheral fatigue during constant-load endurance exercise is
fastened in AH but recovers to SL values in CH.

http://www jappl.org
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In this study, we sought to quantify exercise-induced loco-
motor muscle fatigue induced by the identical constant-load
cycling trial performed at SL, in AH, and in CH (following 14
days at 5,260 m) to clarify the effects of acclimatization. We
hypothesized that fatigue is, compared with SL, exacerbated
significantly in AH and that altitude acclimatization would
alleviate this impact.

METHODS

This study was conducted as part of the AltitudeOmics project,
examining the integrative physiology of human responses to hypoxia.
All procedures conformed to the Declaration of Helsinki and were
approved by the Universities of Colorado, Oregon, and Utah Institu-
tional Review Boards and the U.S. Department of Defense Human
Research Protection Program Office. All subjects were born and
raised below 1,500 m and had not traveled to elevations >1,000 m for
3 mo before the experiments. Eight subjects (age 21 = 1y, body
weight 69 = 11 kg, height 176 = 10 cm) were studied at SL and
following 14 days of altitude acclimatization at 5,260 m on Mt.
Chacaltaya. At high altitude, subjects did not follow a systematic
exercise-training program but were given the opportunity to partici-
pate, on a voluntary basis, in light hikes around the campsite (no
significant change in altitude).

Experimental Protocol

All participants were familiarized thoroughly with various experi-
mental procedures involved in this investigation. The SL experiments
of the present study were conducted ~130 m above SL [Eugene, OR;
barometric pressure (BP) 750.0 = 2.2 Torr]. The experiments in AH
were conducted at the same altitude, while breathing a gas mixture
containing 10.5% O, balance nitrogen, and experiments in CH were
conducted on the 14th day of acclimatization at 5,260 m (BP 408.9 =
0.7 Torr). Two participants were tested every morning. To assure that
all subjects were tested exactly on day [4 after arrival on the
mountain, the groups’ transport to the mountain was staged, i.e.,
two new participants arrived every day. SL peak power output
(Wpeak) Was obtained from a maximal incremental exercise test
(70, 100, 130, and 160 W for 3 min, each followed by 15 W/min
increases thereafter) on a computer-controlled bicycle ergometer
(Velotron, Dynafit; RacerMate, Seattle, WA). The experimental
trial consisted of the identical constant-load cycling exercise (same
absolute workload and duration) in each condition. Preliminary
experiments (using different subjects), conducted to identify a
workload that causes voluntary exhaustion between 8 and 12 min
when acutely exposed to 5,260 m, revealed that a constant work-
load equal to 50% of SL W ..« was required to reach this goal.
Based on this, the workload during the experimental trials was set
to equal 50% (138 = 14 W) of the subjects’ SL Wpeak (275 £ 14
W). Since an individual’s endurance/aerobic capacity is lowest in
AH (vs. SL and CH) (13), the first trial was performed to voluntary
exhaustion in AH, and the achieved time (10.6 = 0.7 min) was then
used for all subsequent trials. A 5-min warm-up at 10% Wpeax (27 =
8 W) preceded each trial. Throughout exercise, subjects were in-
structed to maintain their preferred pedal frequency, as determined
during the practice sessions (88 = 3 rpm). Neuromuscular function
was assessed before and within 2.5 min after exercise. During these
procedures, subjects breathed ambient air at SL and in CH and a gas
mixture (10.5% O,) in AH.

Exercise Responses

Pulmonary ventilation (Vi) and gas exchange were measured at
rest and throughout exercise using an open circuit system (Ultima
PFX; Medical Graphics, St. Paul, MN, and O2cap; Oxigraf, Mountain
View, CA). Arterial O, saturation (S,02) was estimated continuously
at rest and during exercise using a pulse oximeter (Nellcor N-200;

635

Pleasanton, CA) with adhesive forehead sensors. A correction factor
based on arterial blood gases was used to adjust for the nonlinearity
associated with the obtained pulse oximeter values (error between
60% and 80% saturation: 6%; error between >90% saturation: 3%).
Heart rate was measured from the R-R interval of an ECG, using a
three-lead arrangement. Ratings of perceived exertion were obtained
using Borg’s modified CR10 scale (10). [Hb] was measured (Radi-
ometer OSM-3) in resting arterial blood samples collected at SL and
on the 16th day at 5,260 m. C,O, was estimated as 1.39 [Hb] X
(Sp02/100). During all constant workload trials, esophageal pressure
(Pes) was measured via a nasopharyngeal balloon (Cooper Surgical,
Trumbull, CT), using standard procedures (7). To estimate Winsp, Pes
was integrated over the period of inspiratory flow, and the results were
multiplied by respiratory frequency (fr) and labeled the inspiratory
muscle pressure-time product. Vastus lateralis oxygenation was as-
sessed using a multichannel near-infrared spectroscopy (NIRS) instru-
ment (Oxymon Mk III; Artinis, Zetten, The Netherlands). As de-
scribed previously (5), a NIR emitter and detector pair was affixed
over the belly of the left vastus lateralis muscle (~15 cm proximal and
5 cm lateral to the midline of the superior border of the patella), using
a spacer with an optode distance of 5.0 cm. Probes were secured to the
skin using double-sided tape and shielded from light using elastic
bandages. The Beer-Lambert Law was used to calculate micrometer
changes in tissue oxygenation [oxyhemoglobin (O,Hb) and deoxyhe-
moglobin (HHb)] across time. using received optical densities from
two continuous wavelengths of NIR light (780 and 850 nm) and a
fixed differential path-length factor of 4.95 (26). Total hemoglobin
(THb) was calculated as the sum of [O.Hb] and [HHb] changes to
give an index of change in regional blood volume (59). Data were
recorded continuously at 10 Hz and expressed relative to the resting
baseline recorded in each experimental condition. Mean cerebral
blood flow (CBF) was estimated from blood velocity (CBFv) in the
left middle cerebral artery (MCA; 50 = 4 mm deep), determined using
a 2-MHz transcranial Doppler (Spencer Technologies, Seattle, WA).
An index of cerebral O, delivery was calculated as the product of
CBFv and C,0,. Changes in CBFv were assumed to reflect changes
in CBF, based on evidence that the MCA changes minimally in
response to hypoxia and hypocapnia (47, 54). The validity of this
assumption at altitude has been challenged recently (62). Evidence of
MCA dilation was demonstrated in subjects at altitudes above 6,400
m, but no changes in MCA diameter were observed at altitudes
comparable with the present study (<5,300 m) (63). We acknowledge
that these measurements must be interpreted with caution until defin-
itive studies of MCA diameter at altitude are conducted.

Expiratory Flow Limitations and Lung Volume Responses

Expiratory flow limitations. Subjects performed three maximal voli-
tional flow-volume (FV) maneuvers before and after exercise (after
assessment of neuromuscular function). Exercise tidal FV loops (FVLs)
were plotted within the best of the six maximal loops (MFVLs), based on
measured inspiratory capacity (IC) maneuvers (rest, 3 min of exercise,
and immediately before the termination of exercise). Acceptable IC
maneuvers during exercise required that peak inspiratory Pes match that
obtained at rest. The amount of expiratory flow limitation was defined as
the percentage of the tidal volume (V) that met the boundary of the
expiratory portion of the MFVL (38).

Lung volumes. Functional residual capacity (FRC) was measured in
a body plethysmograph (Platinum Elite Series; Medical Graphics),
and total lung capacity (TLC) was calculated as the sum of FRC and
IC. End-expiratory lung volume (EELV) was determined by subtract-
ing the maximal IC, as measured during exercise from TLC, as
measured at rest. End-inspiratory lung volume (EILV) was calculated
as the sum of EELV and Vr. Inspiratory reserve volume, during
exercise, was calculated by subtracting EILV from TLC, and expira-
tory reserve volume, during exercise, was determined by subtracting
the residual volume from EELV.

J Appl Physiol - doi:10.1152/japplphysiol.00606.2013 « www jappl.org
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Force and Compound Muscle Action Potentials

Knee-extensor force during voluntary and evoked contractions was
measured using a calibrated load cell (Tedea, Basingstoke, UK). The
load cell was fixed to a custom-built chair and connected to a
noncompliant cuff, attached around the participant’s right leg, just
superior to the ankle malleoli. Participants sat upright in the chair with
the hips and knees at 90° of flexion. Compound muscle action
potentials (M-waves) were recorded from surface electrodes placed 2
cm apart over the vastus lateralis muscle belly. A reference electrode
was placed over the patella. Evoked signals were amplified [gain:
1,000; force: custom-built bridge amplifier; electromyographic
(EMG): PowerLab 26T; ADInstruments (Oxfordshire, UK)], band-
pass filtered (EMG only: 20-2,000 Hz), digitized (4 kHz; PowerLab
26T, ADInstruments), acquired, and later analyzed (LabChart v7.0;
ADInstruments) for peak-to-peak amplitude.

Neuromuscular Function

Force and EMG variables were assessed before and immediately
(<2.5 min) after each trial. Before each trial, maximum voluntary
contraction (MVC) force was determined from three control contrac-
tions. Femoral nerve stimulation was delivered during each 5-s MVC,
and an additional stimulus was delivered after the MVC to determine
the potentiated quadriceps twitch force (Qew,por) and voluntary muscle
activation (VA) (42). Briefly, the force produced during the superim-
posed twitch (SIT), delivered within 0.5 s of attaining peak force
during the MVC, was to be compared with the force produced by the
single twitch, delivered during relaxation, ~2 s after the MVC: VA
(%) = [1 — (SIT/Quw.pot)] X 100. The contraction sets were repeated
three times, with 30 s between each set. Visual feedback of the target
force was provided via a computer monitor.

Femoral nerve stimulation. Single electrical stimuli (200 s pulse
width) were delivered to the right femoral nerve via surface electrodes
(32 mm diameter; CF3200; Nidd Valley Medical, North Yorkshire, UK)
and a constant-current stimulator (DS7AH; Digitimer, Welwyn Garden
City, Hertfordshire, UK). The cathode was positioned over the nerve,
high in the femoral triangle; the anode was placed midway between the
greater trochanter and the iliac crest (32). The site of stimulation that
produced the largest resting twitch amplitude and M-wave was located.
Single stimuli were delivered, beginning at 100 mA and increasing by
20 mA, until plateaus occurred in twitch amplitude and M-wave.
Supramaximal stimulation was ensured by increasing the final inten-
sity by 30% (mean current, 250 = 55 mA). Muscle contractility was
assessed for each potentiated twitch as twitch amplitude (Quw.pot: peak
force — onset force), maximum rate of force development (MRFD),
contraction time, maximum relaxation rate (MRR), and one-half
relaxation time (RTos). Sarcolemmal membrane excitability was
inferred from the peak-to-peak amplitude of the electrically evoked
M-wave (27).

Reliability Measures

On a separate day, measures of neuromuscular function were
repeated twice in all subjects at SL. The two assessment procedures
were separated by a 2-min walk around the laboratory, followed by a
5-min rest period. Coefficient of variation (CV) and Pearson product-
moment correlation coefficients (r) were calculated to evaluate test-
retest error (precision) and test-retest reliability of the neuromuscular
function-assessment procedure. All correlations were significant and
indicated; in combination with the CVs, acceptable degrees of repro-
ducibility include: MVC, CV = 3.1%, r = 0.97; Qw.po, CV = 4.1%,
r = 0.98; M-wave peak, CV = 4.8%, r = 0.98; VA, CV = 3.3%,
r=0.77.

Statistical Analysis

A one-way repeated-measures ANOVA was performed to evaluate
differences among trials. A least-significance difference test identified

Altitude Acclimatization and Exercise-Induced Muscle Fatigue « Amann M et al.

the means that were significantly different with P < 0.05. Results are
expressed as mean * SE.

RESULTS
C,0> and Cerebral O» Delivery

C,0; at rest was significantly lower in AH compared with SL
and CH (17.3 = 0.5, 19.3 = 0.7, 20.3 = 1.3 ml O/dl, respec-
tively). Acclimatization to altitude significantly increased [Hb]
and S0, resulting in similar C,0O, at SL and in CH (P = 0.16).
Resting CBFv was similar among SL, AH, and CH (50.5 = 3.7,
52.7 £ 2.3, and 55.7 = 3.0 cm/s, respectively; P = 0.45). In all
three conditions, CBFv increased significantly from rest to the
final minute of exercise (22 * 3%, 39 * 6%, and 28 * 5% for
SL, AH, and CH, respectively; Table 1). The percent increase
was significantly greater in AH compared with that observed at
SL and in CH. The cerebral O, delivery index during the last
minute of exercise was 18 = 5% lower in AH vs. SL (Table 1)
and 17 = 8% greater in CH vs. SL (Table 1).

Ventilatory Effects

Ventilatory response. AH increased Wi, work by 34 = 8%
above that at SL (P < 0.01) and dropped S,0> by 36 * 3%
during the final minute of exercise. Following 14 days of
acclimatization, Wins, was increased further by 23 = 8% from
AH, and S0, during the final minute of exercise, was 36 =
5% higher in CH vs. AH. Breathing frequency and Vg rose

Table 1. Mean responses to the final minute of exercise
(138 = 14 W, 10.6 %= 0.7 min)

Chronic

Sea Level Acute Hypoxia Hypoxia
HR, beats/min 1525 174 = 4% 166 = 4*f
Vg, | min~! 64 =4 113 = 8* 133 £ 10%}
fr, breaths min~! 32+2 50 *+ 3% 54 + 3%
Vr, liter 2.0 0.1 22+0.2 2.6 = 0.2%F
Voz, I min~! 258 £0.19 244 +0.19* 239 = 0.16%F
Vcoy, 1 min~! 251 £0.22 281 +021*% 240 = 0.15*%F
Ve/Vo2 251 50 * 4% 56 * 3*f
Ve/Vcoa 26 £ 1 4] = 2% 58 * 3%
Sp02, % 94110 622 =* 1.8* 75.6 £ 1.2%%
CBFv, cm/s 59.1 £48 742 + 3.8% 73.2 £ 3.4%
Cerebral O delivery, a.u. 1,105 = 62 895 * 40* 1,289 =+ 42%f
Ti/Tiot 0.35 £0.01 039 *0.01* 039 *0.01*
Te, s 1.30 £0.08 0.74 = 0.05* 0.70 = 0.04*
Winsp, cmH>0 - 71 - min~! 387 = 36 503 * 53% 608 = 67*F
IC, liter 329 £0.22 3.13+0.23 3.60 £ 0.23*
V1/IC 0.60 £0.03 0.68 = 0.02* 0.72 = 0.02*F
IRV, liter 1.30 £0.14 099 = 0.13* 0.96 = 0.05*
ERV, liter 198 £0.25 214 +0.29 1.67 £ 0.25%F
EILV, %TLC 80.5 = 1.6 854 = 1.7* 85.2 = 0.9*
EELV, %TLC 51518 538=*25 46.9 = 2.1%f
Expiratory flow limitation, n

out of 8 subjects 0/8 2/8 4/8

RPE 123 £ 1.0 19.8 £ 0.1* 17.9 = 0.6%F
Dyspnea 11.5 £0.7 19.5 = 0.2% 19.3 £ 0.2%

HR, heart rate; Vg, minute ventilation; fg, breathing frequency; Vr, tidal
volume; V02, maximum oxygen (O2) uptake; VCo02, carbon dioxide produc-
tion; Sp0», arterial O» saturation; CBFv, cerebral blood flow velocity; T,
duration of inspiration; T, duration of entire breath; Te, duration of expira-
tion; Winsp, inspiratory muscle work; IC, inspiratory capacity; IRV, inspiratory
reserve volume; ERV, expiratory reserve volume; EILV, end-inspiratory lung
volume; TLC, total lung capacity; EELV, end-expiratory lung volume; RPE,
rating of perceived exertion. ¥*P < 0.05 vs. sea level; P < 0.05 vs. acute
hypoxia, n = 8.
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substantially over the time of exercise in AH and CH, and Vg
was, during the final minute, 79 = 13% and 110 = 12%,
respectively, higher compared with SL (P < 0.01). Pulmonary
Vg during the final minute of exercise was 19 * 4% higher in
CH vs. AH (P < 0.01). Compared with SL, O, uptake, during
the final minute of exercise, was 5 = 2% and 7 £ 2% lower in
AH and CH, respectively (both P < 0.05; Fig. 1).

Expiratory flow limitation. At SL, exercise flow rates during
tidal breathing were well within the MFVL in all eight sub-
jects. At end-exercise in AH, 6-51% of the Vr in two of the
eight subjects reached flow limitation, as lung volume ap-
proached end-expiration. As Vg increased further in CH, ex-
piratory flow rate became more limited, and 10—64% of the Vr
in four of the eight subjects met the limit imposed by the
MFVL.

Membrane Excitability and Contractile Function

M-waves. As a measure of membrane excitability we exam-
ined pre- vs. postexercise vastus lateralis M-wave amplitudes
in conjunction with the quadriceps muscle mechanical proper-
ties. Pre-exercise M-wave amplitudes were similar in all three
conditions (10.2 £ 1.0mV,94 = 0.7mV, and 12.9 £ 1.8 mV
for SL, AH, and CH, respectively; P = 0.15). Postexercise
M-wave amplitudes were unchanged from pre-exercise base-
line values at SL and in AH (10.2 = 1.0 mV and 9.6 £ 0.9 mV,
respectively; P > 0.3). However, following exercise in CH,
M-wave amplitudes (7.8 = 2.1 mV) were reduced significantly
from pre-exercise baseline levels (range: 1-18%; P < 0.01).

Quadriceps twitch force. Pre-exercise Quw,pot Was similar in
all three conditions (106 = 4 N, 109 £ 4 N, and 110 = 5 N for
SL, AH, and CH, respectively; P = 0.18). Exercise in both
hypoxic conditions caused a substantial (P < 0.01) but similar
(P = 0.14) reduction in Quw por in all eight subjects. In contrast,
exercise at SL did not induce measurable locomotor muscle
fatigue; the postexercise Quwpot Was similar to pre-exercise
baseline.

MVC force. Pre-exercise MVC was similar in all three
conditions (391 = 30 N, 394 = 25 N, and 372 * 30 N for SL,
AH, and CH, respectively; P = 0.21). At SL, postexercise
MVC was similar to pre-exercise baseline (P = 0.42). In
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Fig. 1. Inspiratory muscle pressure-time product [esophageal pressure (Pes) X
respiratory frequency (fr)] during the identical constant-load cycling exercise
performed in all 3 conditions. *P < 0.05 vs. acute hypoxia (AH), n = 8.
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contrast, exercise in AH and CH caused a substantial reduction
in MVC in all eight subjects. However, the exercise-induced
reduction in MVC was 30 = 9% less in CH vs. AH (P < 0.05).

Muscle activation. Pre-exercise baseline values were similar
in all three conditions (94 = 1%, 94 = 1%, and 93 = 1% for
SL, AH, and CH, respectively; P 0.19). Following the
exercise at SL, muscle activation was unchanged from pre-
exercise baseline (P = 0.88). In both AH and CH, postexercise
muscle activation was significantly lower compared with pre-
exercise baseline values. However, the pre- to postexercise
decrease in muscle activation was 52 £ 12% less in CH vs. AH
(P < 0.01).

Within-twitch measurements. MRFD, MRR, and RTys com-
plement the findings reported for Quw por. The pre- to postexercise
changes in within-twitch measurements of MRFD, MRR, and
RT,, were similar in CH vs. AH.

Vastus Lateralis Tissue Oxygenation

O,Hb was unchanged from baseline to warm-up at SL (P =
0.40) but decreased in AH (P < 0.05) and CH (P = 0.05).
Compared with baseline, O.Hb was unchanged during the final
minute of exercise at SL (P = 0.73) but was significantly lower
in AH and CH (both P < 0.01). This decrease was significantly
greater in AH vs. CH. HHb was unchanged from baseline to
warm-up at SL (P = 0.80) but decreased significantly in AH
and CH. Compared with baseline, HHb was unchanged during
the final minute of exercise at SL (P = 0.24) but similarly
increased in AH and CH (both P < 0.01). THb was unchanged
from baseline to warm-up in all three conditions. In contrast,
compared with baseline, THb was increased significantly and
similarly (P = 0.37) during the final minute of exercise in all
three conditions.

DISCUSSION

The purpose of this investigation was to evaluate the effect
of altitude acclimatization on the development of fatigue dur-
ing whole-body endurance exercise. Subjects repeated the
identical constant-load cycling exercise at SL, in AH, and in
CH. No measurable degree of fatigue was found following the
exercise at SL. However, the identical exercise in AH, char-
acterized by a reduced C,O- and increased Wiysp, resulted in a
substantial degree of both peripheral and central fatigue. Two
weeks of exposure to 5,260 m restored C,0; to SL values but
increased Wiy, further over that observed in AH. The critical
finding was that the rate of development of peripheral locomo-
tor muscle fatigue failed to recover from AH to CH and was
similar in both conditions. In contrast, the development of
central fatigue was attenuated significantly in CH (vs. AH) but
still greater compared with SL. Taken together, our findings
suggest that acclimatization to high altitude attenuates the
impact of AH on the development of central fatigue but fails to
improve the exacerbated development of peripheral fatigue
present during exercise in AH.

Peripheral Fatigue

Acute hypoxia. The cycling bout in AH was, compared with
SL, characterized by a substantially exaggerated rate of periph-
eral fatigue (Table 2 and Fig. 2). These observations confirm
numerous earlier findings using whole-body (4, 31, 57) and
single-muscle exercise (28, 39).
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Table 2. Effects of constant-load cycling exercise on
quadriceps muscle function

Percent Change from Pre- to Immediately Postexercise

Sea Level Acute Hypoxia  Chronic Hypoxia
Quw.pot —31*1.8% —-209=*24 —188 £34
MRFD —4.1 £25% —212%x42 —179 £35
MRR 277 *£28% —132*3.1 —9.0=x22
RTos 1.0 £ 2.2% 92*+13 82+*14
MVC —13+£12*% —123*12 —8.9 * 1.37
Voluntary muscle activation —0.1 =1.0¥ —69 = 1.1 —3.7 £ 1.2¢
M-wave amplitude 0.7 £2.7* 2.5 *+2.0% —78 £2.1

Changes in muscle function are expressed as a percent change from
pre-exercise baseline. All exercise trials were performed for the same duration
(10.6 = 0.7 min) and at the same absolute workload (138 = 14 W).Values are
expressed as means = SE. Quw,pot, potentiated single twitch; MRFD, maximal
rate of force development; MRR, maximal rate of relaxation; RTos, 1/2
relaxation time; MVC, maximal voluntary contraction force; M-wave, com-
pound muscle action potential. Percent muscle activation is based on super-
imposed twitch technique. Various variables in acute and chronic hypoxia
were, compared with baseline, altered significantly, 2.5 min after exercise
(P < 0.01). *Not significantly different from pre-exercise baseline. {P < 0.05
vs. acute hypoxia, n = 8.

Compared with SL, C,0, was approximately one-third
lower and Wiy, ~34% higher during exercise in AH. These
substantial alterations are known to contribute about equally to
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